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Abstract 
Gamma spectra of the 252Cf source hermetically sealed in stainless steel capsule were measured in order to determine the 
specific γ-ray dose constant (SGRDC). The measurements were performed two times - four months after the source was 
purchased and after period equal to two half-lives. It is obtained that after two half-lives the SGRDC is more than two 
times larger due to accumulation of the γ-ray emitting fission products. The changes of activity for long-living fission 
products identified in the measured spectra were used to estimate their relative contributions to the increase of the total 
SGRDC. 
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1. Introduction  
The specific γ-ray dose constant (SGRDC) is a very important quantity in radiation protection and 
radiological assessment, especially if exposure rate is necessary to be determined at some distance from γ- (or 
X-) ray emitter. The SGRDC is defined as the unshielded gamma-ray air kerma rate (or dose equivalent rate) 
at 1 m from the point source of unit activity. If some radionuclide decays to a stable daughter nucleus, 
SGRDC can be calculated using the mass-energy transfer coefficients, photon energies and gamma (end/or x-) 
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emission probabilities. Same procedure can be utilized for radionuclides in equilibrium with its decay products 
(226Rn for example). In this case all γ-rays from all members of the chain should be involved in the calculation. 
The radionuclide 252Cf (T1/2 = 2.64 y) is frequently used as a portable neutron source in medicine, industry or 
research laboratories. Neutrons are emitted after 252Cf spontaneous fission. Alpha decay is dominant channel 
of the 252Cf decay (97 %). After α-decay, the long-lived daughter nucleus 248Cm (T1/2 = 3.4×105 y) emits 
relatively weak and low-energy γ-radiation. It is determined that specific γ-ray dose constant of 252Cf itself is 
1.131×10-5 mSv m2 h-1 MBq-1 (Unger and Trubey, 1992). The californium source is usually packed in a metal 
capsule and all fission fragments are accumulated inside, contributing significantly to the total γ- and X-ray 
spectra. Most of the several hundred fission fragments are short-lived, having half-lives shorter than one 
minute. It is expected that after production and delivery of the source the activity of the large number of 
fission fragments should be in equilibrium with that of 252Cf. The contribution of those radionuclides to the 
total specific γ-ray dose is constant in time. Some fission products are long-lived having half-lives of the same 
order of magnitude as 252Cf (several years). Their activity show increasing trend in some period of time and 
intensities of some γ-lines in the overall spectra for a sealed 252Cf source can rise relative to the γ-lines of 
radionuclides in equilibrium. This means that the value of SGRDC for such a sources will increase with time.  
One specific use of the 252Cf source is in the field of radiation therapy (Rivard, 1999). The sealed capsules 
containing 252Cf are used as a brachytherapy source of neutrons. If some neutron dose, exactly determined by 
therapy protocols, should be delivered to the cancer tissue, it can be expected that application time for some 
old 252Cf source have to be longer than for the fresh one. In the meantime, due to accumulation of fission 
fragments, this 252Cf source delivers higher photon dose, which must be known. Usual procedure is that the γ-
dose of a 252Cf source is determined in a water phantom using simple ionization chamber (Rivard, 1999). 
According to our knowledge, time changes of SGRDC for encapsulated 252Cf source was never measured nor 
calculated. The goal of this work is to present results for such calculations from two gamma spectra of the 
252Cf source: the first was measured when the source was relatively fresh and the second one was collected 
after two half-lives of 252Cf. The change of activity for all long-lived radionuclides identified in the measured 
spectra were used to estimate their relative contributions to the total SGRDC in a broad time interval in order 
to estimate the time dependence of the SGRDC. 
 
2. Measurements and calculations 
 
The 252Cf source used in this study was purchased in summer 2008. According to the manufacturer’s 
specification, the nominal activity of the source was 6×104 Bq on July 3, 2008. It was certified by the 
manufacturer that the neutron emission rate on same day was 5.84×103 s-1 into 4π sr. The source was packed 
in a cylindrical stainless steel capsule (diameter: 6 mm; height 5 mm; walls thickness 1 mm). The first γ- 
spectrum was collected in November 2008. The measurement of gamma spectrum was repeated in April 2013 
on the same detector in the identical geometry. In both cases measurement time was 2.6×105 s. The γ-spectra 
were collected by an HPGe detector with 32% relative efficiency, shielded by 25 cm of pre-WWII iron. The 
integral background counting rate (between 30 and 3000 keV) was less than 1.2 counts s−1. The source was 
attached to the shielding wall to provide maximal possible distance of 38 cm between the source and the nose 
of horizontal dipstick detector. Californium was deposited in the form of oxide on the inner bottom of the 
steel capsule. The diameter of the source was 4 mm. The detection efficiency was established using a set of 
standard point calibration sources positioned in the same detection geometry as the one used for the 
measurements. The obtained spectra were analysed with the GENIE 2000 Acquisition & Analysis software. 
Up to 250 γ-lines were identified in the spectrum collected in November 2008 using the most comprehensive 
available information concerning 252Cf γ-spectra (Gehrke et al., 2004).   
 
Specific γ-ray dose constant δΓ is given by (Ninkovic et al., 2005):  
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where Ei is the energy of photons emitted, pi is photon yield per decay event, and ( )ik ρμ  is mass energy 
transfer coefficient (Hubbell and Seltzer, 2001) for the energy Ei. The subscript δ means that only the photons 
having energy higher that δ are included in the calculation. Photon yield can be calculated by following 
equation: 
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where )( id EN  is number of detected gamma photons under photo-peak of energy iE , A(
252Cf) the activity of 
the source, t is the measurement time and εi is the efficiency of the detection system. 
  
Detailed analysis of the list of fission products indicates that just a few of them have half-lives in the same 
order of magnitude as 252Cf, 154Eu (T1/2 = 8.593 y), 155Eu (T1/2 = 4.753 y) and 137Cs (T1/2 = 30 y), viz. 
Considering that mentioned isotopes have relatively long half-live, they need some time (order of magnitude 
of years) to reach the activity equilibrium with 252Cf. This means that the activity of those isotopes will grow 
for some time. Considering that all fission products can be roughly divided in short- and long-lived Eqn. (1) 
can be rewritten as:  
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where shortip  and )(tp
long
i  represents photon yield per decay event of the short-living and the long-living 
fission products respectively. The first term in Equation 3 describing contribution of short-living fission 
products is constant. The second term is time dependent, and in our simplified model just a time changes of 
activities for 154Eu, 155Eu and 137Cs contribute to the increase of the SGRDC. In order to estimate time changes 
of the SGRDC, the photon yield )(tplongi  for all gamma lines of the 
154Eu, 155Eu and 137Cs appearing in the 
spectra collected in November 2008 was determined. Using the calculated values of the relative activities for 
the mentioned radionuclides, changes of )(tplongi  values for the measurable gamma lines of 
154Eu, 155Eu and 
137Cs were estimated to get value for SGRDC in relatively broad time interval.  
 
3. Results and Discussion 
 
In gamma spectra recorded in November 2008 up to 250 gamma lines having relative yield higher than 
0.01 % were included in our calculation. About 100 γ-lines recorded in the 2013 spectrum were taken in the 
very same calculation procedure. We calculated the specific γ-ray dose constant of 252Cf source to 
 
(2.60 ± 0.35)×10-5 mSv m2 h-1 MBq-1          in November 2008 
and to 
(8,06 ± 0.53)×10-5 mSv m2 h-1 MBq-1                 in April 2013. 
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Considering that a number of very weak γ-lines appearing in spectra of the Californium source, calculation 
procedure was repeated with different significance level to include γ-lines of different intensity threshold. It 
was estimated that the involved γ-peaks having relative yield lower than 0.01% do not contribute significantly 
to the calculated value of the SGRDC. 
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Fig 1. Calculated time dependence of specific gamma-ray dose constant of 252Cf source. 
 
To estimate the relative contribution of the long-lived radionuclides to the total specific γ-ray dose constant 
it was necessary to estimate the real age of the source. The presence of prominent γ-lines from the decay of 
154Eu in the very first measurements indicates that the source was not brand new at the moment of delivery. 
Considering that 154Eu can be formed only by direct fission of the 252Cf (decay of radionuclide in the isobar 
chain does not contribute), the ratio of its most prominent γ-lines measured in 2008 and 2013 can be used to 
extract information about the source age. Comparing theoretical calculation and 2008/2013 ratios measured 
for several 154Eu γ-lines, it was estimated that in June 2008, when 252Cf was purchased, the age of source was 
already 1.5 years. Using this value, it was determined how activities of the 154Eu, 155Eu and 137Cs would have 
changed in the period of 6 years, starting from the November 2008, when the first γ-spectrum was measured. 
The time evolution of the SGRDC is shown in Fig. 1. It can be seen that our simplified model slightly 
underestimates (about 20%) the value of SGRDC for the 252Cf source. From a calculation performed using 
Eqn. (3) in April 2013 the SGRDC should have been 6.47×10-5 mSv m2 h-1 MBq-1.  
The first term in the Eqn. (3) describing contribution of the short-lived fission products to the total value of 
SGRDC is constant. Considering that the time interval between production and delivery of the 252Cf source (in 
the best case order of magnitude of days or weeks) is significantly longer than the half-life of most short lived 
radionuclides, it can be expected that a user would get a source where all short-lived fission products already 
get to equilibrium. This means that SGRDC at the moment of delivery should be at least equal to the first term 
in Eqn (3). Simple calculation tells us that the SGRDC after short -lived fission products reach equilibrium 
should be 1.56×10-5 mSv m2 h-1 MBq-1. This is the lowest SGRDC value for a fresh 252Cf source.  
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4. Conclusions  
 
Our measurements confirmed that the specific γ-ray dose constant (SGRDC) of a sealed 252Cf source 
changes in time due to accumulation of fission fragments. The SGRDC value for a pure 252Cf source of 
1.131×10-5 mSv m2 h-1 MBq-1 cannot be used in practice for assessment of γ-ray exposure rate because in a 
very short time a number of short-lived fission products reach activity equilibrium with the 252Cf in the sealed 
capsule. We estimate that the SGRDC for a fresh source (if delivered several days or weeks after production) 
should be 1.56×10-5 mSv m2 h-1 MBq-1. Two measurements performed in November 2008 and April 2013 
show that SGRDC of 252Cf after period equal to about two half-lives increases more than three times. The 
simplified model where just three long-living isotopes were taken into account to reconstruct the time-
dependence of SGRDC gives slightly a lower estimation for the SGRDC measured in April 2013. There are 
several possible ways to improve agreement between measured and calculated values of SGRDC: better 
estimation of the actual 252Cf source age, more careful calculation of photon yields for long-lived 
radionuclides and, maybe, including in the calculations more fission fragments having half-lives shorter than 
154Eu, 155Eu and 137Cs.       
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